Many glucocorticoid (Gc) actions are of rapid onset and therefore require acute regulation of intracellular signaling cascades. Integration of diverse extracellular signals requires cross-talk between intracellular pathways, suggesting the existence of nodes for signal interaction, such as the specialized membrane microdomains caveolae. We have identified rapid Gc-dependent phosphorylation of caveolin, and protein kinase B (PKB)/Akt, in the lung epithelial cell line A549 and found this was dependent on src kinases. There was also activation of PKB downstream molecules glycogen synthase kinase-3␤, and mammalian target of rapamycin. Subcellular fractionation colocalized glucocorticoid receptor (GR) and c-src to caveolincontaining membrane fractions. Coimmunoprecipitation studies also identified interactions between GR and caveolin and suggested that the activation function 1 domain within the GR may serve to support an interaction between GR and caveolin. Disruption of lipid raft formation, impairment of caveolin function using dominant-negative caveolin, down-regulation of caveolin-1 using short hairpin RNA or complete ablation of caveolin-1 prevented Gc-induced activation of PKB. Loss of caveolin-1 also prevents Gc activation of glycogen synthase kinase-3␤ and mammalian target of rapamycin. In contrast, caveolin interference/ down-regulation had no effect on Gc transactivation. Functional analysis of caveolin-1 knockdown and knockout cells identified profound loss of Gcmediated growth inhibition compared with controls, with a requirement for caveolin in order for Gc to regulate cell cycle progression. Therefore, disruption of caveolae leads to dissociation of Gc action, with impaired induction of PKB activation, and cell growth inhibition, but with negligible effects on Gc transactivation. These observations have implications for understanding the diverse physiological actions of Gc. (Molecular Endocrinology 22: 1320-1330, 2008)
G LUCOCORTICOIDS (Gc) are steroid hormones that affect virtually all organ systems to influence many aspects of mammalian physiology, including metabolism, growth, and development. In addition, Gc are the most potent antiinflammatory agents known and are widely used in clinical medicine.
Gc act through the ubiquitously expressed intracellular glucocorticoid receptor (GR). The GR resides in the cytoplasm in an inactive state as part of a multiprotein complex, which includes chaperone proteins and immunophilins among others (1) (2) (3) (4) .
The ligand-activated GR translocates to the cell nucleus where it dimerizes and binds palindromic glucocorticoid-response elements. The complex then recruits either coactivator or corepressor molecules that can modify chromatin and facilitate or inhibit transcription initiation. Within the nucleus the GR can also interact with other transcription factors, e.g. nuclear factor-B (5-7).
In addition, Gc can have effects that occur within minutes and are insensitive to inhibitors of transcription, making a primary transcriptional mechanism unlikely (2, 8, 9) . These so-called nongenomic effects of Gc may be mediated, at least in part, by a membraneassociated GR (10) (11) (12) . Reported nongenomic effects include activation of phosphatidylinositol 3-kinase (PI3K) (13) , MAPKs (14) , and c-src (8, 15, 16) .
Over the last decade, highly ordered plasma membrane microdomains with particular lipid and protein composition have been defined. There is evidence that these domains, which due to their rigid structure are broadly termed "lipid rafts," orchestrate some control over intracellular signaling pathways and mediate cross talk between membrane-associated receptors (17) (18) (19) .
Current evidence suggests that the estrogen receptor is associated with a particular subset of lipid rafts termed "caveolae" (20, 21) . Caveolin-1, the major protein component of caveolae, has been implicated as a structural scaffold for the oligomerization and organization of cytoplasmic signal complexes (22) Interaction with, and modulation by, caveolin-1 has been shown in many signal transduction pathways, including those regulated by receptor and soluble tyrosine kinases (23) (24) (25) (26) . Indeed, nongenomic estradiol-dependent stimulation of nitric oxide release is reported to be mediated by estrogen receptors localized within caveolae (27) . Additional evidence exists to suggest that androgen receptor signaling is potentiated by overexpression of caveolin-1 (28) . This raises the question as to whether a similar system may be in place for regulating nongenomic pathways initiated by Gc.
In this study we examine rapid Gc-dependent phosphorylation events in A549 cells. We colocalize GR with c-src in caveolae and show rapid Gc activation of the PI3K/protein kinase B (PKB) pathway. We further show that caveolin mediates the rapid effects of Gc on PKB, and longer term effects on cell proliferation, but has no role in mediating Gc transactivation.
RESULTS

Treatment with Dexamethasone Promotes the Transient Phosphorylation of PKB
Dexamethasone induced rapid phosphorylation of cytosolic kinase PKB and the integral membrane protein caveolin (Fig. 1A) . Induction of PKB phosphorylation was blocked by preincubation with either RU486 or LY294002 (data not shown), suggesting that activation of PKB is both PI3K and Gc specific. Dexamethasone also promoted the rapid phosphorylation of glycogen synthase kinase (GSK)3␤ and mammalian target of rapamycin (mTOR), two downstream target kinases of PKB. There was no detectable activation of MAPK p38, p42/44, or c-Jun N-terminal kinase in these cells (data not shown). Vehicle treatment alone had no effect on protein phosphorylation (Fig. 1A) .
Phosphorylation of PKB and Caveolin Is Independent of Heat Shock Protein (HSP)90 Association
Geldanamycin, an HSP90 inhibitor, did not prevent dexamethasone induction of PKB phosphorylation (Fig. 1B) . To preserve ligand binding affinity, cells were incubated with Gc on ice, before the addition of geldanamycin. Interestingly, the time course of caveolin phosphorylation, but not that of PKB, was marginally left-shifted in the presence of geldanamycin (Fig.   1B) , with a more rapid onset, and termination of phosphorylation.
Phosphorylation of PKB and Caveolin Is c-src Dependent
The src inhibitor PP2 (10 M) abolished Gc-induced phosphorylation of PKB (Fig. 1C) . Pretreatment with PP2 also abolished the Gc-induced phosphorylation of caveolin-1 (Fig. 1C) ; this also suggests a role for c-src in coupling GR/caveolin/ PKB signals.
Gc-Dependent Phosphorylation of PKB and Caveolin Is Lipid Raft Dependent
Treatment with the cholesterol-binding drug methylcyclodextrin disrupts lipid rafts, including caveolae. Pretreatment with methylcyclodextrin clearly abolished the rapid Gc activation of caveolin ( Fig. 2A) . Because the Gc-induced activation of PKB was also abolished, this suggests not only that membrane domains are important in facilitating rapid signaling in response to dexamethasone, but also that the phosphorylation of caveolin may be required for the Gcdependent activation of PKB.
GR Localizes to Caveolin-Containing Subcellular Fractions through Binding to Caveolin
Subcellular fractionation studies were used to identify GR association with the caveolar membrane marker caveolin-1, and also c-src. Immunoblotting of the 12 fractions obtained from density gradient centrifugation demonstrated that the GR and c-src were present in the same fractions as caveolin in A549 cells (Fig. 2B) .
Coimmunoprecipitation studies were then used to examine whether the subcellular distribution of GR and c-src could be mediated through interaction with caveolin. Immunoprecipitation of whole-cell extracts with antibodies against either the GR or caveolin resulted in the specific cross-precipitation of the other molecule (Fig. 2C) . However, although GR immunoprecipitated c-src, caveolin did not. The reverse immunoprecipitation, with c-src antibody, did not bring down the GR (Fig. 2C) . U20S cells, which lack endogenous GR, were transfected with wild-type GR␣ or GR mutants that lack either the ligand-binding domain (N500GR) or activation function (AF)1 domain (⌬AF1GR). Lysate from these cells was subjected to immunoprecipitation with a caveolin-1 antibody, and the precipitates were immunoblotted for GR. Figure 2D shows that caveolin precipitates wild-type GR and N500GR, but not ⌬AF1GR, which suggests that the AF1 domain is important for interaction with caveolin.
Phosphorylation of PKB Requires Plasma Membrane-Associated GR
To investigate the contribution of caveolin function to the rapid phosphorylation events detailed above, a dominant-negative caveolin (DN-caveolin) molecule was generated. This comprised the isolated scaffolding domain of caveolin-1, which is reported to mediate the interaction of caveolin with other molecules and so competitively opposes endogenous caveolin action.
Phosphoimmunoblot analysis demonstrates reduced activation of caveolin (P-tyr14), in cells expressing DN-caveolin compared with control-transfected cells (Fig. 3A) . In addition, transfection of the DNcaveolin molecule into A549 cells prevented Gc-induced phosphorylation of PKB. Because TNF␣ signal- ing requires caveolin, the efficacy of the DN-caveolin molecule was studied in cotransfection studies. These showed that the DN-caveolin blocked TNF␣ action on an IL 6-luciferase reporter gene (Fig. 3C) . Interestingly, the DN-caveolin molecule did not affect the ability of GR to transactivate a simple GR reporter gene (Fig. 3B ).
Caveolin-1 Is Not Required for GR Transactivation
To further explore the role of caveolin-1 in mediating Gc action, caveolin-1 knockdown cells were generated. Cells were cotransfected with short hairpin RNA (shRNA)-caveolin-1 and pcDNA3, single clone cell lines selected with neomycin, expanded, and screened for caveolin expression by immunoblot. Figure 4A shows immunoblots of the three clones with variant caveolin expression selected for subsequent study. The first clone expresses equivalent caveolin to wild-type A549 cells (100 Ϯ 10%), and the other two clones have significantly reduced caveolin expression (44 Ϯ 5%; 18 Ϯ 4% wild-type caveolin expression); however, GR expression is not significantly altered in any of the three clones.
Because the DN-caveolin molecule abolished TNF␣ signaling, shRNA-A549 cells were first analyzed for Gc-induced reporter gene activity on an IL-6-luc reporter construct as a functional validation of the caveolin knockdown cell model. Caveolin-1 knockdown blocked TNF␣ induction of the IL-6-Luc reporter (Fig. 4B) . In contrast, a simple, positive Gc reporter gene was unaffected by altered caveolin expression (Fig. 4C ). Wt GR GR N500 GR ΔAF1
Fig. 2. GR Localizes to Caveolar Fractions through Binding to Caveolin
Serum-starved A549 cells were pretreated with methylcyclodextrin or vehicle and then 100 nM dexamethasone for the times stated. Protein (50 g) was immunoblotted for phospho-PKB and phospho-caveolin and then PKB and caveolin to show equal loading (A). A549 cells were subjected to subcellular fractionation, and the resulting 12 fractions were electrophoresed and immunoblotted for caveolin, GR, and c-src where higher number fractions contain progressively lower buoyant density homogenate (B). Whole-cell extracts of A549 cells were immunoprecipitated with antibodies against the GR or caveolin before resolution in SDS-PAGE and immunoblotting for GR, caveolin, and c-src. Samples immunoprecipitated with protein A-coated sepharose beads alone are included as controls (C). U20S cells lacking endogenous GR were transfected with full-length GR␣, or mutants lacking the ligand-binding or AF1 domains (schematic shown inset) and cell lysates were prepared. These were immunoprecipitated with antibody specific to caveolin-1. Cell extracts and immunoprecipitates were electrophoresed and immunoblotted for myc or GR, respectively (D). Images are representative of three independent experiments. DBD, DNA-binding domain; Dex, dexamethasone; IB, immunoblot; IP, immunoprecipitation; LBD, ligand-binding domain; Wt, wild type.
Caveolin-1 Couples Gc Signals to the PI3K/PKB Pathway
To explore the functional role of caveolin in Gc action, caveolin knockdown cells were analyzed by immunoblot (Fig. 5A ). In these clones there was a dose-dependent effect of caveolin on the phosphorylation of both GR(Ser211) and PKB, with induction of basal phosphorylation of both. As a consequence, the relative induction after treatment with ligand is significantly reduced when compared with the corresponding serum-starved controls. To further validate these results, primary, thymic fibroblasts were obtained from wild-type and caveolin-1 knockout mice. These cells were treated with dexamethasone and analyzed by immunoblot. Although there was induction of PKB and GR phosphorylation in the caveolin (ϩ/ϩ) cells in response to dexamethasone treatment, the caveolin (Ϫ/Ϫ) cells appeared largely unresponsive (Fig. 5B) . There was comparable induction of basal phosphorylation of Cells were lysed and 50 g of protein was electrophoresed and immunoblotted for phospho-PKB and phosphocaveolin, after which immunoblots were stripped and reprobed with antibodies against PKB and caveolin (A). Immunoblots are representative of three independent experiments. Cells were transfected with dominant negative caveolin, or a control vector together with MMTV-luc (B) or a TNF␣-responsive IL-6-luc reporter (C). Cells were divided and treated with 10 ng/ml TNF␣, dexamethasone, or vehicle as indicated for 16 h and then harvested and assayed for luciferase activity. shRNA Clone 2 shRNA Clone 3 shRNA Clone 10
Fig. 4. Cells with Variant Caveolin Expression Have Similar
Gc-Induced Gene Activation A549 cells were stably transfected with shRNA targeting caveolin-1. Single-clone cell lines were isolated, lysed, and screened for caveolin expression by immunoblot. Immunoblot images were analyzed by densitometry, and three clones with variant caveolin expression were selected for subsequent study (A). shRNA-A549 cells were transfected with either IL-6-luc (B) or TAT3-luc (C) together with CMV Renilla reporter gene construct (to control for transfection efficiency) (5, 54, 55) . Cells were divided and treated with 10 ng/ml TNF␣ (B only), dexamethasone (B and C), or vehicle as indicated for 16 h and then harvested and assayed for luciferase activity. Graphs depict mean Ϯ SEM of four independent experiments performed in triplicate. *, P Ͻ 0.05 compared with control cells (shRNA-A549 clone 2). IB, Immunoblot; Wt, wild type.
both GR and PKB similar to that seen in the knockdown cells. Interestingly, although the downstream PKB targets, GSK3␤ and mTOR, were phosphorylated in the caveolin (ϩ/ϩ) cells after treatment with dexamethasone, these proteins were not detectably phosphorylated in the caveolin (Ϫ/Ϫ) cells under the same experimental conditions (Fig. 5C ). In keeping with the altered baseline activity of PKB in the caveolin (Ϫ/Ϫ) cells, both GSK3␤ and mTOR displayed increased basal phosphorylation, suggesting downstream consequences of the altered PKB activity.
Gc-Mediated Growth Arrest Requires the Expression of Caveolin-1
Caveolin knockdown (Fig. 6A ) and caveolin knockout ( ), the antiproliferative actions of dexamethasone were reduced or completely absent in the caveolin knockdown or knockout clones, respectively.
Gc-Mediated Cell Cycle Arrest Requires the Expression of Caveolin-1
Caveolin knockdown cells were cultured in media containing either 100 nM dexamethasone or vehicle for 5 d and then subjected to cell cycle analysis by fluorescence-activated cell sorting (FACS) (Fig. 7) . Whereas treatment with dexamethasone induced growth arrest and accumulation in G1/S in control cells (shRNA clone 2), the antiproliferative actions of dexamethasone were reduced or completely absent in the caveolin knockdown clones (clones 3 and 10). A similar lack of dexamethasone effect was observed in the caveolin knockout cells compared with wild-type controls (data not shown). (50 g ) was immunoblotted for phospho-GR, and phospho-PKB, after which immunoblots were stripped and reprobed with antibodies against GR, PKB, and caveolin. Images are representative of three independent experiments. Protein (50 g) from dexamethasone-treated wild-type and caveolin-1 knockout cells was also immunoblotted for phospho-GSK3␤ and phospho-mTOR (C) where GR and tubulin expression is shown to indicate equal protein loading. Dex, Dexamethasone; IB, immunoblot. 
DISCUSSION
Studies presented here support the existence of acute, non-transcription-dependent Gc effects on key target cells. In particular we show involvement of c-src, and the PI3K pathway to PKB, an important regulator of cell cycle progression and survival (13, (30) (31) (32) . Furthermore, we show Gc activation of the PKB downstream molecules GSK3␤, and mTOR, supporting the existence of a coherent intracellular signaling cascade initiated by Gc. In A549 cells Gc induces tyrosine 14 phosphorylation of caveolin, a recognition site for src kinase. There was also serine phosphorylation of PKB, indicative of PI3K activation. Indeed, use of PI3K inhibitors prevents this up-regulation of PKB phosphorylation, as did src inhibition, which also abolished tyrosine 14 phosphorylation of caveolin.
Heat shock protein complexes in the cytoplasm are important both for the maturation of c-src before its membrane integration and also for retention of highaffinity ligand binding activity of the GR (33) . For this reason we explored HSP90 function by using the pharmacological inhibitor, geldanamycin (34) . Geldanamycin did not inhibit phosphorylation of PKB or phosphorylation of caveolin. However, we consistently noted that geldanamycin reduced the latent period between ligand binding and induction of phosphorylation of caveolin, but not PKB. This implies that disruption of heat shock protein function dissociates Gc activity, resulting in preferential engagement of certain cell-signaling pathways.
Because inhibition of caveolin function disrupted engagement of cell signaling pathways by Gc, we also sought to disrupt lipid raft formation by using methylcyclodextrin. This compound selectively depletes lipid rafts, including caveolae, of their cholesterol content and resulted in complete loss of both phosphorylation of caveolin and PKB in response to Gc.
Because src family kinases have previously been implicated in Gc action in A549 cells (8) and are a potential mediating step between GR activation and both PI3K function and caveolin phosphorylation, we fractionated cell homogenates to look for segregation of GR with plasma membrane fractions. There are clearly two peaks of GR sedimentation, one which cosediments with caveolin and src and the other with heavier, cytosolic and nuclear fractions. This does not necessarily suggest that the GR is physically embedded within the membrane but rather it may indicate association with the inner leaflet of the plasma membrane, perhaps by protein-protein interaction. Indeed the estrogen receptor has been found to interact with caveolin-1 (21, 35) , and an earlier report suggested association of the GR with membrane lipid rafts (36) .
To further explore these molecular interactions, immunoprecipitation studies were undertaken in wholecell extracts. These showed coprecipitation of GR and caveolin. It was also possible to demonstrate the presence of c-src within the GR immunoprecipitate. Interestingly, we were not able to immunoprecipitate src using the caveolin antibody, but it is already established that coupling between src and caveolin is dependent on lipid interaction with an intact plasma membrane (37) . Therefore, it is possible that the detergent preparation used to generate cell extracts irreversibly disrupts this molecular association, or that the molecular interaction obscures the immunological epitope. Expression of GR deletants showed that the GR AF-1 domain within the N terminus [amino acids (aa) 71-262] was required for caveolin interaction, confirming the specificity of this interaction and also defining the GR motif. This domain of the GR has, to date, eluded crystallographic structural definition but harbors protein interaction motifs for transcriptional comodulator proteins. There is evidence for physical interaction between progesterone receptor B isoform, mediated by its N-terminal SH3 domain, and also of ER with c-src (38) (39) (40) (41) . Indeed, scaffolding proteins that enhance or stabilize such interactions have been described: p130Cas, and MNAR (16, 40, 42, 43) .
To explore the role of caveolin in mediating the signaling effects of Gc we overexpressed a caveolin fragment comprising the isolated scaffolding domain. This has previously been reported to function as a dominant-negative molecule opposing caveolin function (44) . Because TNF signaling has been shown to be partly mediated via caveolin, we used TNF regulation of a simple reporter gene to demonstrate dominant-negative activity (45) . These studies clearly showed a marked inhibition of TNF induction of the IL-6 reporter gene when the dominant-negative molecule was expressed. Similarly, the dominant negative caveolin efficiently opposed the induction of tyrosine phosphorylation of caveolin and the serine phosphorylation of PKB. There was no effect on transactivation of a simple reporter gene.
Knockdown of caveolin-1 expression by shRNA was predicted to yield similar results to those seen using the dominant-negative construct. Clones with defined caveolin knockdown were shown to have a similar loss of TNF␣ signaling to an IL-6 reporter gene as cells expressing the caveolin dominant negative and also to have no effect on transactivation of simple GR reporter genes, indicating pathway specificity for the caveolinmediated mechanism. The most striking change was the loss of Gc induction of phosphor-Ser211GR, and of phosphor-PKB. The phosphor-Ser211 is ligand dependent and probably mediated by cyclin-dependent kinases (46, 47) . The loss of induction was clearly due to increased basal levels of phosphorylation of both the proteins, which suggests that a function for caveolin in regulating basal activity of the pathway, possibly by regulating protein phosphatase activity (48, 49) . The altered activity of PKB clearly translated further downstream because we also show similarly altered phosphorylation profiles for the PKB target proteins, GSK3␤ and mTOR. Importantly, there were differences seen between the effects of acute reduction in caveolin function, by transient expression of DNcaveolin, and chronic loss of caveolin-1 expression.
The human lung cell line A549 responds well to inflammatory signals, including TNF␣, and also is growth inhibited by Gc. Loss of caveolin expression prevented Gc inhibition of proliferation, an effect mediated by a block in G1/S transition, over a 5-d incubation. Therefore, there is a major role for caveolin and caveolin-dependent signaling cascades in mediating this Gc effect. Recent data support integration between signaling cascades to determine integrated cell responses (50) . Our data now show that divergent, membrane-proximal signals initiated by Gc are required to mediate effects previously ascribed to the nuclear actions of GR alone.
There is much current interest in understanding how Gc ligands exert their diverse effects, with novel ligand structures selectively engaging particular patterns of gene and cell function regulation (51) . We now present data to support a role for caveolin in modulating Gc action. This may be by harnessing intracellular signaling cascades to modulate the interaction surfaces between the GR and many comodulator proteins, e.g. by phosphorylation (52) . Understanding how activation of intracellular signaling kinases by extracellular factors [such as TNF␣ activation of p38kinase (53)] modulates GR function and how engagement of signaling kinases directly by the GR, promoted by caveolin, affects Gc action is important for both physiology and the development of new therapeutics.
MATERIALS AND METHODS
Unless otherwise stated all chemical reagents were purchased from Sigma (Dorset, UK). 
DN-Caveolin
A dominant negative caveolin molecule was generated by PCR amplification of the scaffolding domain of human caveolin-1 (forward primer, 5Ј-gaa ttc gac ggc att tgg aag gcc agc-3Ј; reverse primer, 5Ј-ctc gag gcg gta aaa cca gta ttt cgt c-3Ј). The resulting PCR fragment was then cloned into pC-RII-TOPO vector following the manufacturers recommendations (Invitrogen, Carlsbad, CA), and then subcloned into cytomegalovirus (CMV)-tag1 c-myc tagged vector (Stratagene, La Jolla, CA). This results in expression of a protein fragment from aa 82-102, which binds caveolin partner proteins but cannot associate with the plasma membrane.
GR Deletants
Full-length hGR␣ cDNA was digested with BglII to remove the N-terminal transactivation domain aa 71-263 (⌬AF1), or with EcoRI to remove the majority of the ligand-binding domain aa 500-777 (N500) before cloning into a myc-tagged vector (pCMVTAG3B, Stratagene).
Cell Culture and Maintenance
A549 human lung epithelial cells, U20S human osteosarcoma cells (European Collection of Cell Cultures, Wiltshire, UK) and immortalized primary fibroblasts from caveolin-1 knockout mice (a generous gift of Professor Richard Anderson, University of Texas Southwestern Medical Center, Dallas, TX) were cultured in DMEM supplemented with 10% charcoal dextran-stripped fetal calf serum (Invitrogen, Glasgow, UK) and 0.04 mM alanylglutamine in a humidified atmosphere of 5% carbon dioxide at 37 C.
Stable shRNA Caveolin Transfection
A plasmid containing an shRNA sequence to target caveolin-1 (a generous gift of Dr. Melissa Westwood, University of Manchester, Manchester, UK) was used to generate stable caveolin-1 knockdown A549 cells. A549 cells were cotransfected with 10 g shRNA plasmid and a plasmid conferring mammalian antibiotic resistance (pcDNA3, Invitrogen) at a ratio of 10:1 using Fugene 6 (Roche Life Sciences, Basel, Switzerland). Cells were transferred to media containing neomycin 24 h post transfection, and cell clones expressing pcDNA3 were isolated and expanded. pcDNA3-positive clones were then screened for caveolin expression by immunoblot.
Transient Transfection
For phosphoimmunoblot analysis, cells were transfected with 3 g dominant negative Caveolin plasmid using Fugene 6. After transfection cells were serum starved (24 h), and treated with dexamethasone, as indicated, before processing for phosphoimmunoblot analysis as described below.
For immunoprecipitation studies, U20S cells were transfected with 3 g wild-type or mutant GR plasmid using Fugene 6. Twenty-four hours after transfection, cell lysates were processed for immunoprecipitation/ immunoblot analysis as described below.
For reporter gene assays, cells were cotransfected with 3 g DN-caveolin plasmid and either 2 g TAT3-luciferase, or 2 g IL-6-luciferase reporter gene constructs together with 0.5 g CMV-Renilla luciferase (to correct for transfection efficiency) using Fugene 6 (Roche). After 24-h serum withdrawal, cells were treated with 100 nM dexamethasone and/or 10 ng/ml TNF␣ (Sigma) as indicated before assay for luciferase activity (Promega Corp., Madison, WI).
Treatments
Cells were serum starved for 24 h, pretreated with 10 M PP2 (Calbiochem, La Jolla, CA) for 30 min, or 5 mM methylcyclodextrin (Sigma) for 1 h. Cells were incubated with vehicle or 100 nM dexamethasone (Sigma) for 1-10 min (as indicated in Results) at 37 C, 5% CO 2 before lysis. For experiments using the HSP90 inhibitor geldanamycin (Invitrogen), A549 cells were precooled on ice for 10 min and incubated with vehicle or 100 nM dexamethasone on ice for 30 min. After inclusion of 10 M geldanamycin for a further 30 min (on ice), cells were returned to 37 C for 1-10 min (as indicated in Results) before lysis.
Preparation of Cell Lysates
Cell extracts were prepared by scraping cells washed with PBS (Oxoid, Hampshire, UK) into RIPA lysis buffer (50 mM TrisCl, pH 7.4; 1% NP40; 0.25% Na-deoxycholate; 150 mM NaCl, 1 mM EDTA) and Complete protease inhibitor (Roche), with phosphatase inhibitor cocktail 1 and 2 (Sigma) before centrifugation for 30 min at 10,000 ϫ g and 4 C. The supernatants were harvested, assayed for protein content (Bio-Rad Laboratories, Hercules, CA) and diluted in reducing loading buffer [0.125 M TrisCl (pH 6.8), 0.1% sodium dodecyl sulfate (SDS), 20% glycerol, 0.2% ␤-mercaptoethanol, 0.001% bromophenol blue] before boiling for 5 min.
Subcellular Fractionation
A549 cells were washed twice in PBS, scraped into ice-cold PBS, and pelleted for 5 min at 1500 ϫ g. After homogenization in 1 ml 500 mM Na 2 CO 3 with 12 strokes of a Dounce homogenizer, the solution was centrifuged at 1000 ϫ g for 10 min, the postnuclear supernatant collected and assayed for protein content (Bradford reagent, Bio-Rad). Total protein (1 mg) was adjusted to 2 ml volume, combined with equal volumes of 80% sucrose in MBS (25 mM Mes, pH 6.5; 0.15 M NaCl) and laid in the bottom of a Beckman ultracentrifuge tube (331374). The homogenate was then overlaid with 4 ml 35% sucrose, and 4 ml 5% sucrose (both in MBS containing 0.25 M Na 2 CO 3 ), and the samples were centrifuged at 84,000 ϫ g in a Beckman SW40Ti swinging bucket rotor for 18 h at 4 C. Twelve 1-ml fractions were collected, the protein precipitated with 10% trichloroacetic acid and boiled for 5 min in reducing loading buffer (0.125 M Tris, pH 6.8; 0.1% SDS; 20% glycerol; 0.2% ␤-mercaptoethanol; 0.001% bromophenol blue) before immunoblotting.
Immunoprecipitation
Cell extracts (500 g protein) were precleared with 50 l protein A-coated sepharose beads (Santa Cruz Biotechnology) for 30 min at room temperature. These beads were pelleted by centrifugation at 5000 ϫ g for 20 sec and discarded. In the test samples, supernatant was incubated with 2 g primary antibody and 50 l protein A-coated sepharose beads overnight at 4 C. The control sample supernatants were incubated with 50 l protein A-coated sepharose beads alone. After this incubation, both sets of samples were centrifuged (5000 ϫ g for 20 sec) to pellet the protein A-coated sepharose beads. The supernatants were collected, precipitated with 10% trichloroacetic acid, and boiled in reducing loading buffer for 5 min. The pellets were washed three times in ice-cold PBS and boiled for 5 min in reducing loading buffer, and the beads were removed before electrophoresis by centrifugation at 5000 ϫ g for 20 sec.
Immunoblot Analysis
Cell extracts (50 g protein) or immunoprecipitates were electrophoresed on SDS/acrylamide gels and transferred to 0.2-m nitrocellulose membranes overnight at 4 C. Membranes were blocked for 6 h (0.15 M NaCl, 1% dried milk, 0.1% Tween 20) and incubated with primary antibodies (diluted in blocking buffer) overnight at 4 C. After three 10-min washes (88 mM Tris, pH 7.8; 0.25% dried milk; 0.1% Tween 20), membranes were incubated with a species-specific horseradish peroxidase-conjugated secondary antibody (diluted in wash buffer) for 1 h at room temperature and washed a further three times, each for 10 min. Immunoreactive proteins were visualized on Kodak Biomax film (Eastman Kodak, Rochester, NY) using enhanced chemiluminescence (ECL Advance, GE Healthcare), and the protein molecular masses were established using calibrated full range (10-250 kDa) Precision Plus standards (Bio-Rad).
MTS Assay
Cells were grown in DMEM supplemented with vehicle or 100 nM dexamethasone. Cells were trypsinized 5 d later, aliquots seeded in 96-well plates, and cells were allowed to adhere overnight. CellTiter 96 AQ ueous Assay reagent (20 l) (Promega) was added to each well and cells were incubated for 1 h at 37 C. The reaction was terminated after the addition of 25 l 10% SDS, and formazan production (which is proportional to cell number) was measured at 490 nM.
FACS Analysis
Cells were grown in DMEM supplemented with vehicle or 100 nM dexamethasone. Cells were trypsinized 5 d later, and the cell suspension was combined with equal volumes of 100% ice-cold ethanol for 1 h at 4 C. Cells were pelleted at 1500 ϫ g for 10 min and resuspended in 200 l PBS. DNAse-free RNAse A (50 l, 1 mM) was added to each sample and incubated at room temperature for 30 min. Propidium iodide (50 l, 1 mM) was added before analysis. In each case, 10,000 cells were counted.
